Routine measurements of the direct normal irradiance (DNI) are not sufficient for optimal design of concentrating solar technologies. Due to a generally larger aperture angle of pyrheliometers or equivalent pyranometric systems when compared to that of concentrating collectors, the measured irradiance is overestimated as it includes the irradiance from the solar disc and a larger circumsolar region. The angular distribution of the direct and circumsolar radiances, i.e. the sunshape, can have a significant effect on the performance of concentrating collectors. Therefore, optimal design of concentrating solar technologies requires accurate measurements or estimations of the DNI and the sunshape. Published models are available for reproducing the representative sunshape for a given circumsolar ratio (CSR), i.e. the ratio between the circumsolar irradiance and the sum of the circumsolar and solar disc irradiances. The objective of this study is to estimate the CSR over a cloudless turbid atmosphere using a published sky radiance model and a Radiative Transfer Model (RTM). Using 10 months of solar irradiance and aerosol optical depth measurements, results show that there is an underestimation in the CSR computed by means of the sky radiance model when compared to that computed by the RTM. Also, a high correlation coefficient of 0.87 was found between the CSR estimated from both models, implying that modifications to the sky radiance model are possible to accurately estimate the CSR.
Introduction
Design of concentrating solar technologies (CSTs), including concentrating solar thermal electric power plants and concentrating photovoltaics, requires accurate knowledge of the solar radiant flux incident on the receiver. However, direct normal irradiance (DNI) measurements with pyrheliometers or equivalent pyranometric systems alone are not sufficient for the design of CSTs [1] [2] [3] . The angular distribution of the solar intensity in the vicinity of the direction of the Sun, i.e. the sunshape, has a significant effect on the performance of CSTs. Due to changes in the sunshape only, variations of up to 20% in the optical performance have been reported [1] . Small angle forward scattering, Mie scattering and particular cloud coverage, e.g. ice crystals such as cirrus, transfers part of the energy from the exact direction of the Sun to the circumsolar region causing different sunshapes. Recent pyrheliometers have an aperture half-angle typically ranging from 2.5° to 5° as recommended by the WMO CIMO guide [4] , meaning that the measured DNI includes both the radiation received from the solar disc and that from a larger circumsolar region than typical acceptance angles of concentrating collectors [2, 5] .
The circumsolar ratio (CSR) is defined as the ratio between the radiant flux within a circumsolar region defined by its aperture half-angle and that within both the circumsolar region and solar disc [1, 2] . Buie et al. [1] and Neumann et al. [6] have proposed representative sunshapes for given CSR values. In addition to DNI measurements, CSR measurements or estimations are also important for a proper design of CSTs.
The objective of this study is to present CSR values over a cloudless turbid atmosphere using a sky radiance model and a Radiative Transfer Model (RTM). The model of Perez et al. [7] , named the allweather model (AWM), and the libRadtran RTM [8] were employed to compute the CSR. The dataset utilized in this study comprised of 10 months of solar irradiance (global, diffuse and direct normal) and aerosol optical depth (AOD) measurements collected at Masdar City located in Abu Dhabi, United Arab Emirates (UAE). A comparison of the CSR estimated from both models was also conducted.
Methodology

Circumsolar ratio
The CSR is defined as the ratio of the circumsolar normal irradiance (CSNI) to the sum of the CSNI and the direct normal irradiance within the extent of the solar disc only (DNI S ) [1, 2] . The outer limit of the circumsolar region is usually defined according to the aperture half-angle of the DNI measuring instrument. For example, Buie et al. [1] set it at 2.5°, which was the limit of the active cavity radiometer used to measure the DNI in the dataset they utilized. The limit of 2.5° is common, as it matches the aperture half-angle of primary standard pyrheliometers [4] , this limit was employed in this study. The inner limit of the circumsolar region was set at 0°, i.e. the center of the solar disc. In this manner the CSNI accounts for the forward scattered solar beams within both the solar disc and the region between the edge of the solar disc and the aperture half-angle. DNI S accounts for only the direct normal irradiance which has not undergone any scattering.
All-weather model
Perez et al. presented the AWM model that describes the sky luminance distribution using routine solar irradiance measurements for all sky conditions [7] . This model has been successfully applied in literature to estimate the sky radiances [9] . The radiance of a sky element defined by its zenith angle (ζ) and its angular distance (θ) with respect to the position of the Sun was computed by Eqs. (4) where R is the radiance of the sky element angle defined by ζ and θ, φ is the azimuth angle of the sky element, lv is the relative luminance of the considered sky element, ε is the sky clearness index, θ Z is the solar zenith angle in radians, Δ is the sky brightness and a, b, c, d and e are adjustable coefficients defined by lookup tables of ε and Δ [7] . I 0 is the solar constanti.e. top of atmosphere normal irradiancecorrected with respect to Earth-Sun distance, the diffuse horizontal irradiance (DHI) and DNI are ground measured values and m is the air mass [10] .
The erratum of the AWM is not significant over the environment of the dataset used, as only 21 of the 8667 observations match the condition in the erratum [11] .
In this study, the AWM has been employed to estimate the sky radiances for the whole sky vault for a dataset covering 10 months over the desert environment of the UAE. The radiances from the circumsolar region, for an aperture half-angle of 2.5°i.e. 43.6 mradfrom the center of the solar disc, were used to compute the AWM CSNI (CSNI AWM ) by Eq. (5). The estimated CSNI AWM was then divided by the ground measured DNI, to calculate the CSR, in this case labeled CSR AWM (cf. Eq. (6)). 
Solar radiances and irradiances from the libRadtran Radiative Transfer Model
The libRadtran RTM is a software for radiative transfer calculations in the Earth's atmosphere [8] . For defined atmospheric and surface conditions, libRadtran has been successfully applied in computing the surface broadband radiances and irradiances in the solar spectrum [12, 13] .
The main parameters used in this study to define the surface and atmospheric characteristics were: the standard atmospheric profile chosen as mid-latitude summer, the AOD at 550 nm (AOD 550 ), the aerosol type chosen as desert, the total water column, the altitude of the site above sea level, the surface albedo, the day of the year, the solar zenith angle and the solar azimuth angle. From the AERONET data, AOD 550 is computed and the total water column is extracted, as explained later in Sect. 3.
LibRadtran was employed to compute the beam horizontal irradiance (BHI S-lRt ), i.e. beams within the solar disc only, which is assumed to be a point source by libRadtran. The direct normal irradiance incident from the solar disc only (DNI S-lRt ) was then computed by Eq. (7) .
At a 0.1° resolution for θ and φ, the libRadtran RTM was also employed to compute the sky radiances in the circumsolar region, i.e. from the center of the solar disc to an aperture half-angle of 2.5°. Replacing subscript AWM with lRt in Eq. (5) the libRadtran CSNI (CSNI lRt ) was computed. The direct normal irradiance (DNI lRt ), including both the CSNI lRt and the DNI S-lRt , was computed by Eq. (8) . The CSR from libRadtran (CSR lRt ) was finally computed by Eq. (9) .
Experimental setup
The applied dataset in this study consisted of ground measurements covering a period of 10 months, June 2012 to March 2013, collected at Masdar City, Abu Dhabi, UAE.
The solar irradiance measurements consisted of 10 minute averages of the global horizontal irradiance (GHI) and DHI, measured using a rotating shadowband irradiometer (RSI) located at 24.420 °N and 54.613 °E (7 m above sea level). The station was installed by CSP Services (http://www.cspservices.de) for the client Masdar Clean Energy.
The RSI comprised of a LI-COR LI-200 Pyranometer integrated with a rotating shadowband. This pyranometer was calibrated against an Eppley Precision Pyranometer under natural daylight conditions and has a spectral range from 400 nm to 1100 nm. During operation, the GHI is measured when the shadowband is stationary and the DHI is measured when the rotating shadowband blocks the whole solar disc. The DNI was computed from the GHI and DHI measurements.
All solar irradiance measurements were tested for two quality check tests from Roesch et al. for GHI measurements greater than 50 W m −2 , where the tests are not applicable for lower GHI values [14] . In the first test the conditions of Eq. (10) ( 11) The first test does not seem fair, as the DHI and GHI were measured by the same instrument, and the DNI was computed from them. This test is more appropriate in case the three irradiances were measured by different instruments. Still, all measurements passed the quality check of both tests.
Also, available at Masdar city was the AERONET measurement station, comprising a CIMEL-318 Sun photometer, situated at 24.442 °N and 54.617 °E (4 m above sea level). The AERONET data which was used in this study included the aerosol optical depth at 675 nm (AOD 675 ), Ångström's coefficient (α) between 440 nm and 870 nm and the total water vapor column derived from the 935 nm channel [15] .
The two ground stations are approximately 2.5 km apart. It is reasonable to assume that both stations exhibit almost the same atmospheric conditions as they are close and both situated in very similar environments. However, micro sandstorms could occur at one station and not the other during data acquisition. Also, in scattered cloud conditions, it can be cloudless at the instant of the AERONET acquisition, but cloudy over the RSI. The scattered cloud conditions could also occur even if both sensors were in the same location, as the solar irradiance measurements were 10 min averages whereas the AERONET measurements were instantaneous. These phenomena cause few ambiguities in the dataset.
Even though the aperture angle of the RSI is not clearly defined as the pyrheliometer, a comparison was conducted for one year of DNI computations from the RSI against DNI measurements from the pyrheliometer at a different station in the UAE. The pyrheliometer had an aperture half-angle of 2.5°. For a full year of DNI measurements higher than 200 W m −2 , a relative mean bias error (rMBE) of +0.31% and a relative root mean square error (rRMSE) of 2.9% were obtained. Since the bias is negligible between both instruments, it is assumed in this study that the RSI has pretty much the same aperture halfangle as the pyrheliometer. Wilbert et al. claim a 2.86° aperture half-angle for the RSI [16] .
This specific dataset was selected based on data availability over the turbid atmosphere in the UAE. Masdar Institute is the only location in the UAE which has overlapping AERONET and solar irradiance measurements. The AERONET station in this location was installed in June 2012. Other solar radiation and AERONET stations in the UAE do not overlap in time or are over 15 km apart.
The downloaded AERONET data was level 1.5 data: meaning the dataset was already screened for cloudy observations [15] . For each AERONET observation, the two neighboring 10 min solar irradiance measurements were linearly interpolated to match the AERONET acquisition time.
The AOD 550 is not directly measured by the Sun photometer of the AERONET station, instead it was computed using the measured AOD 675 and α between 440 nm and 870 nm using Eq. (12) [17] . 550 675 675 550 AOD AOD ( 12) All in all, 8667 cloudless observations with both RSI and AERONET measurements remained in the dataset actually employed in this study. The dataset was evenly distributed throughout the sunlight hours. The months June to October and January to March had almost even distributions, where each month had between 9.8% and 13.5% of all measurements. The winter months of November and December each had ~ 5% of the dataset, which could be due to shorter sunlight hours and higher cloud coverage.
In the final dataset the GHI ranged from 91 W m −2 to 1011 W m −2 , the DNI from 5 W m −2 to 957 W m −2 , the DHI from 42 W m −2 to 579 W m −2 , the AOD 550 from 0.04 to 1.9, the total water column from 0.33 cm to 5.17 cm and the θ Z from 2.7° to 78.9°. The AWM was used to compute the radiances across the whole hemispherical sky. Then the modeled radiances in the circumsolar region were used to derive CSR AWM . Fig. 1a shows the distribution of CSR AWM values for the employed dataset. CSR AWM values seem to be very low: 92.5% of the observations exhibit a CSR lower than 0.01.
Results and discussion
CSR from the all-weather model
This number is very doubtful in the turbid atmosphere of the UAE. Indeed, using measurements collected over three sites in Europe, Neumann et al. report that 67% of their observations have a CSR between 0 and 0.04 [6] . Using sunshape profiles measured by the Sun and Aureole Measurement System (SAM) [5] during the days 5 to 7 September, 2012 in Masdar City, Kalapatapu et al. report no CSR values lower than ~ 0.08 [18] , which is a value not present in the histogram of Fig. 1a .
The reasons causing those low CSR values from the AWM are that the model was validated only for sky areas with angular distances greater than 12° from the center of the Sun [19] and the coefficients in the AWM were fitted using luminance measurements in a totally different meteorological and aerological environment in Berkeley, California.
CSR from the libRadtran Radiative Transfer Model
Using the atmospheric and surface conditions along with geometric parameters, the libRadtran RTM was used to derive the sky radiances only in the circumsolar region up to a half-angle of 2.5°. The CSNI lRt , DNI S-lRt and CSR lRt were then computed as explained in Sect. 2.3.
As shown by the histogram of the CSR lRt values presented in Fig. 1b , the CSR lRt values were greater than those obtained using the AWM. Results show that 20% of the dataset had a CSR less than 0.01, while 78.5% had a CSR between 0 and 0.04. Those results are more comparable with the ones reports in Neumann et al. [6] . However, Neumann et al. collected measurements over three sites in Europe, which have different environmental characteristics than that of the UAE. It is assumed that the sites in Europe would exhibit more cirrus cloud conditions, while that in the UAE would exhibit more dusty conditions. Comparing between CSR lRt and the CSR presented in Kalapatapu et al. during the days 5 to 7 September, 2012 in Masdar City, Kalapatapu et al. report no CSR values lower than ~ 0.08 while during the same times of those three days CSR lRt values do not exceed ~ 0.04 [18] . Even though the CSR lRt values are underestimated with respect to those reported, three reference days are not enough to draw conclusions. Therefore, validating the CSR lRt with SAM-derived CSR is an area requiring further work.
Validating the DNI S-lRt with respect to the ground measured DNI, an rRMSE of 8.7% and an rMBE of +2.4% were obtained. Validating DNI lRt with respect to the ground measured DNI, an rRMSE of 9.2% and an rMBE of +4.4% were obtained. The scatter plots are presented in Fig. 2 .
The outliers present in the Fig. 2 for DNI measurements ranging from 200 W m −2 to 600 W m −2 were mainly due to scattered cloud conditions as mentioned earlier in Sect. 3. The instant of AERONET data acquisition could be cloudless, but it can still be cloudy for part or most of the 10 min average of the solar irradiance measurement. This would cause an overestimation in DNI lRt , which is the case as shown in Fig.  2 . To confirm, the days of some of the outliers were visually observed using the high-resolution visible channel of the SEVIRI instrument on board Meteosat Second Generation satellite. The presence of scattered clouds over Masdar City was visually confirmed over all selected days.
In both cases there is a trend in the scatter plots of Fig. 2 , where libRadtran overestimates almost all ground measured DNI values greater than 800 W m −2 . This may be caused by solar modeling error of libRadtran or instrument error, where the RSI has larger errors for larger measured values. This bias could also be due to the quality of some of the AERONET measurements. The data available over Masdar City was only screened for clouds (i.e. level 1.5), whereas the quality assured level 2.0 data was not available.
Still, libRadtran estimated values are reasonable, having low rRMSE and rMBE values. Also, the difference in bias between the DNI lRt and DNI S-lRt is almost +2%, which is mainly due to the CSNI. The CSNI is not accounted for in DNI S-lRt , but it is accounted for in DNI lRt . Also, the standard deviation of the difference (SD) is 44.6 W m −2 for DNI S-lRt and 43.3 W m −2 for DNI lRt . The slight improvement in the SD for DNI lRt could again be due to accounting for the CSNI in DNI lRt .
Comparison of all-weather model and libRadtran derived CSR
Comparing between the CSNI values of the AWM and libRadtran, an rRMSE of 91.4%, an rMBE of −86.1% and a correlation coefficient r of 0.91 were obtained, as presented in Fig. 3a .
Comparing between the CSR results of the AWM and libRadtran, it is clear that the AWM is highly underestimating the CSR when compared to those derived from libRadtran. The rMBE is −84.4%, showing that indeed the AWM underestimated the CSR. On the bright side, there is a very high correlation coefficient r of 0.87 between the CSR of both models. The scatter plot between CSR AWM and CSR lRt is presented in Fig. 3b .
The correlation coefficient r between both models up to a CSR lRt of 0.125, which makes up 98.7% of the dataset, is quite high with r = 0.95. In the CSR lRt range between 0.125 and 0.16, there is still good correlation between both models, with r = 0.84, but it does not follow the same linear trend than the one for the CSR range from 0 to 0.125.
For CSR lRt values greater than 0.16, the bias between both models is lower, with a relatively lower correlation, r = 0.8.
It is to be noted there are only 44 observations for CSR lRt values greater than 0.16. Those 44 observations had DNI measurements ranging from 4.5 W m −2 to 34 W m −2 , and solar zenith angles ranging from 59° to 78.6°. Those low DNI values could be due to misclassification of cloudy observations as cloudless or from dusty conditions.
The quite high correlation between the CSR values in both models is very encouraging as it opens up room for improvements in sky radiance/luminance models in the circumsolar region. Sky radiance/luminance models with improvements in the circumsolar region would be useful as such models could provide quick and accurate computations of the sky radiance distribution for the whole sky vault using routine solar irradiance measurements, i.e. the DNI, DHI and GHI. As opposed to the drawbacks of the RTMs, which include a significantly longer processing time and the need for inputs which are not always available at high temporal resolutions like the aerosol optical depth, total water column, surface albedo and others depending on the configuration of inputs to the RTM.
Conclusion
CSR results over a cloudless turbid atmosphere show that the all-weather model largely underestimates the CSR values when compared to those derived by the libRadtran RTM or when compared to literaturebased values. The high correlation between the CSR derived from both models opens interesting possibilities for improvement in sky radiance/luminance models in the circumsolar region, while preserving their good performance for hemispherical purposes, such as global tilt irradiance estimations. The advantages of sky radiance/luminance models include faster processing times and inputs which are generally more available than those required by RTMs. Further areas to be exploited with regards to this work include comparing the CSR derived from RTMs and sky radiance models to CSR values derived through sunshape ground measurements. Fortunately, a Sun and Aureole Measurement System is available in the same location of this study. Also, comparisons between different sky radiance models would be essential to study how different models react in the circumsolar region. Finally, an improvement in the computed sky radiances of the circumsolar region would be beneficial for design purposes.
